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Understanding the mechanisms controlling the stability of the differentiated cell state is a fundamental problem in biology. To characterize the
critical regulatory events that control stem cell behavior and cell plasticity in vivo in an organism at the base of animal evolution, we have
generated transgenic Hydra lines [Wittlieb, J., Khalturin, K., Lohmann, J., Anton-Erxleben, F., Bosch, T.C.G., 2006. Transgenic Hydra allow in
vivo tracking of individual stem cells during morphogenesis. Proc. Natl. Acad. Sci. U. S. A. 103, 6208–6211] which express eGFP in one of the
differentiated cell types. Here we present a novel line which expresses eGFP specifically in zymogen gland cells. These cells are derivatives of
the interstitial stem cell lineage and have previously been found to express two Dickkopf related genes [Augustin, R., Franke, A., Khalturin, K.,
Kiko, R., Siebert, S. Hemmrich, G., Bosch, T.C.G., 2006. Dickkopf related genes are components of the positional value gradient in Hydra. Dev.
Biol. 296 (1), 62–70]. In the present study we have generated transgenic Hydra in which eGFP expression is under control of the promoter of one
of them, HyDkk1/2/4 C. Transgenic Hydra recapitulate faithfully the previously described graded activation of HyDkk1/2/4 C expression along
the body column, indicating that the promoter contains all elements essential for spatial and temporal control mechanisms. By in vivo monitoring
of eGFP+ gland cells, we provide direct evidence for continuous transdifferentiation of zymogen cells into granular mucous cells in the head
region. We also show that in this tissue a subpopulation of mucous gland cells directly derives from interstitial stem cells. These findings indicate
that both stem cell-based mechanisms and transdifferentiation are involved in normal development and maintenance of cell type complexity in
Hydra. The results demonstrate a remarkable plasticity in the differentiation capacity of cells in an organism which diverged before the origin of
bilaterian animals.
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It has long intrigued researchers why some animals possess
remarkable powers of self-regeneration and others not. A pro-
found difference between animals with high and low regenera-
tion capacitymay be in the differentiation potential and plasticity
of the cells (Bosch, 2007a). In most organisms, cellular commit-
ment and the differentiated state are very stably controlled and
cell type identity seems to be irreversibly fixed. For renewal of
differentiated tissue to occur, animals and plants rely on
multipotent and/or unipotent stem cells. In the absence of stem⁎ Corresponding author. Fax: +49 431 880 4747.
E-mail address: tbosch@zoologie.uni.kiel.de (T.C.G. Bosch).
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doi:10.1016/j.ydbio.2007.09.007cells, and under specialized circumstances (e.g., regeneration),
new tissue can also be formed from differentiated cells via
transdifferentiation, a process by which cells are able to de-
differentiate (lose the characteristics of their origin) and sub-
sequently redifferentiate. The term was coined to distinguish the
switching of a terminally differentiated cell type into another
during insect development (Selman and Kafatos, 1974). For a
cellular behavior to be interpreted as transdifferentiation, two
conditions must be fulfilled: first, the differentiation state before
and after the switch must be reliable described; and second, a
direct ancestor–descendant relationship and common develop-
mental history between the cells must be clearly demonstrated
(Eguchi and Kodama, 1993).
One animal in which cell plasticity may play a major role
during normal development is the freshwater polyp Hydra.
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lineages. Each of the epithelial layers is made up of a cell lineage,
while the remaining cells are part of the interstitial cell lineage
which resides among the epithelial cells of both layers.
Interstitial stem cells in Hydra are abundant throughout the
gastric region; in the head and foot region, they are present in
very low numbers (David and Plotnick, 1980). Multipotent
interstitial stem cells give rise to neurons, cnidocytes and
gametes in a position dependent manner (Bosch and David,
1987; reviewed in Bosch, 2007b). These stem cells give also rise
to gland cells. Gland cells are found in the endodermal layer with
zymogen gland cells (ZMG) in the gastric region and mucous
gland cells (MGC) in the head. The head comprises two types of
MCGs, granular MGCs (gMGC) and spumous MGCs (sMGC)
(Semal-van Gansen, 1954). Labeling experiments and measure-
ment of nuclear DNA content showed (Schmidt and David,
1986; Bode et al., 1987) that the ZMG population contains
transiently amplifying cells. Whereas the origin of ZMGs
previously could be demonstrated unambiguously to lie in the
interstitial cell population (Schmidt and David, 1986; Bode et
al., 1987), the origin of the MGCs in the head remained elusive.
Rose and Burnett (1970) and Dübel (1989) both indicated that
hypostomal MGCs may be derivatives of head-specific inter-
stitial stem cells but did not provide quantitative experimental
data to support this notion.
In adult Hydra in contrast to most other animals, cell
proliferation takes place continuously in both of the cell layers
along the body column with all epithelial cells in both cell layers
being in the mitotic state (Dübel et al., 1987, reviewed in Bosch,
2007a). Despite this dynamic situation and continuous displace-
ment of cells, in each polyp the overall axial distribution of the
cell systems remains constant. Previous observations have
revealed two strategies that underlie the maintenance of the
tissue organization: differentiation from multipotent stem cells
(Bosch and David, 1987) as well as phenotype conversion
(Bode, 1992). The latter appears to be particularly evident in the
plasticity of the differentiated state of the nerve net as
immunocytochemical studies have revealed that neurons
displaced from region to region appear to undergo changes in
phenotype (Bode, 1992; Technau and Holstein, 1996). A direct
lineage relationship between the different neurons, however, so
far could not be established.
The development of transgenic Hydra (Wittlieb et al., 2006;
Khalturin et al., 2007) provides an opportunity to address these
points of uncertainty and to re-investigate the origin and
differentiation plasticity of Hydra cells in vivo. The structural
organization of Hydra makes it possible to trace individual
labeled cells and to analyze the reconstitution of the cell type
repertoire and homeostasis in the context of regeneration. Here,
we re-addressed the issue of gland cell differentiation by
generating transgenic polyps expressing eGFP specifically in
these cells. Tracing individually labeled ZMGs allowed us (i) to
show that continuous changes in position along the single body
axis are accompanied by continuous changes in gene expression
and morphology and (ii) to define a distinct ancestor–
descendant relationship between ZMGs in the gastric region
and gMGC in the head. In addition, we (iii) observed that part ofthe mucous gland cell population in the head is directly derived
from interstitial cells. The in vivo observations, therefore, show
that in Hydra both stem cell-based mechanisms and transdif-
ferentiation are required for maintaining the different types of
gland cells found along the body axis. The study describes the
first transgenic Hydra line expressing a reporter gene under
control of a cell-type-specific promoter. It reveals differentiation
in Hydra to be a surprisingly dynamic process and, to our
knowledge, provide the strongest evidence to date that trans-
differentiation in vivo plays a major role in maintaining cell
complexity.
Materials and methods
Animals and culture conditions
Experiments were carried out withHydra vulgaris (AEP strain).HyDKK1/2/
4 C 5′-flanking sequence was amplified using gDNA isolated from Hydra
magnipapillata. The animals where cultured according to standard procedures at
18 °C.
Transgenic polyps
Founder transgenic animals bearing a gland cell-specific transgene were
produced at the University of Kiel Transgenic Hydra Facility (http://www.
uni-kiel.de/zoologie/bosch/transgenic.htm) as previously described (Wittlieb et
al., 2006). Briefly a fragment of 1093 bp comprising 1027 bp HyDKK1/2/4 C 5′
flanking region and 66 bp coding for the predictedHyDKK1/2/4 C signal peptide
and three subsequent residues was amplified from H. magnipapillata gDNA
using Platinum High Fidelity polymerase (Invitrogene) and primers (Dlp_pr
XbaI ACT CTA GAC GTA CAC GTT CAC ACG TCC TAT AG and Dlp_pr
Not 1 CAG CGG CCG CCC AGA ATA TTC CTT CGC TGC AAA C). The
fragment was cloned into the modification of Hot G eGFP expression vector
using XbaI and a newly inserted NotI cutting site. The resulting transfection
construct was sequenced, plasmid DNA was purified using Quiagen MidiPrep
Kit and injected into H. vulgaris (AEP) embryos. Founder transgenic animals
bearing the HyDKK1/2/4 C::eGFP construct started to hatch 14 days after
microinjection. Out of 66 embryos injected with the construct, one stable
transgenic line was generated expressing eGFP exclusively in a fraction of
zymogen gland cells. Initial founder transgenic animals were further expanded
into a mass culture by clonal propagation via budding. As a control we used
transgenics which express eGFP selectively in the interstitial stem cell lineage
driven by 1386 bp of the H. vulgaris actin 5′ flanking region (Fig. 1B; Khalturin
et al., 2007).
Regeneration experiments
In all regeneration experiments, animals were bisected within the maximum
of eGFP/HyDKK1/2/4 C expressing cells shortly below the boundary of
expression (see Fig. 3A). Regenerating animals were not fed unless otherwise
stated and fixed to different time points for further analysis.
In situ hybridization
In situ hybridizations were adapted from previous works (Grens et al., 1996;
Philipp et al., 1995). Double in situ hybridizations were performed using DIG-
and Biotin-labeled RNA probes simultaneously. Probes were prepared according
to the manufacturer's instructions (Roche) using sequence specific primer
combinations as follows: Dlp F: CAG TGG GCA ACC TGA ATA CC – Dlp R:
CCA CTT CCG GAG TTG TCA AC, GFP_F(29): GAGTTGTCCCAATT-
CTTGTTG–GFP_R(711): GTATAGTTCATCCATGCCATG,HyTSR1 (22):
FW CTG TTT GCC TCA ATG CTG AC – HyTSR1 (949) R: TAC CAC CAA
ATG CAG GTT TGG. For better penetration of probe, antibody and substrate
animals were cut longitudinal after fixation.
Fig. 1. Generation of transgenic polyps expressing eGFP under control of the HyDkk1/2/4 C promoter. (A) RNA in situ hybridization reveals that HyDKK1/2/4 C
expression is activated in zymogen gland cells in a graded manner (see also Augustin et al., 2006). (B) Expression constructs for generation of transgenic Hydra. Top:
Construct containing 1027 bp HyDKK1/2/4 C 5′ flanking region and 66 bp coding sequence comprising the HyDKK1/2/4 C signal peptide and three additional
residues. Below: Control construct with eGFP driven by 1386 bp Actin 5′ flanking region. (C) Interstitial cell differentiation in Hydra: Integration of the transgene in
the interstitial cell lineage should result in gland cell-specific reporter activation. (D) Founder polyp with eGFP expressing cells lined up in a row. (E) Confocal analysis
of polyp containing eGFP expressing cells reveals that transgenic zymogen gland cells (ZMG) occur in pairs indicating mitotic activity. Green, eGFP expressing cells;
blue, HOECHST stained nuclei. (F) Transgenic polyp in which many but not all ZMGs are expressing eGFP. Note that the HyDkk1/2/4 C driven eGFP expression
recapitulates the HyDkk1/2/4 C expression shown in panel A. (G) Confocal analysis of transgenic ZMG in the gastric region showing eGFP protein localized in
secretory vesicles (yellow arrow). Green, eGFP protein; blue, HOECHST stained nucleus; red, actin filaments; scale bar 10 μm. (H) Control transgenic polyp with
eGFP expression under control of actin promoter. Note that eGFP is localized within the cytoplasm and secretory vesicles are eGFP negative (white arrow). Green,
eGFP protein; blue, HOECHST stained nucleus; red, actin filaments; scale bar 10 μm.
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Transmission electron microscopy
Polyps were relaxed in 2% urethane prior to fixation in 3.5% glutaraldehyde
in 0.05 mol l−1 cacodylate buffer, pH 7.4, for 18 h at 4 °C. After washing with
0.075 mol l−1 cacodylate buffer for 30 min, animals were postfixed with 1%
OsO4 in 0.075 mol l
−1 cacodylate buffer for 2 h at 4 °C. After additional washing
for 30 min, the tissue was dehydrated in ethanol and embedded in Agar 100 resin
(Agar Scientific, Ltd., Essex). Semithin sections were stained according to
Richardson et al. (1960) with a solution containing 0.5% Methylene Blue, 0.5%
borax and 0.5% Azur II in ddH2O at 60 °C for 1–2 min. Ultrathin sections were
contrasted with 2.5% uranylacetate for 5 min and lead citrate solution (prepared
freshly from lead acetate and sodium citrate) for 2 min (Reynolds, 1963) and
analyzed using a transmission electron microscope CM10 or EM 208 S (Philips).
Semithin sections were analyzed on a Zeiss Axioscope fluorescence microscope
with an Axiocam (Zeiss) digital camera.
Confocal microscopy
Laser-scanning confocal data were acquired by using Leica TCS SP1 CLS
microscope. Polyps were relaxed in 2% urethane prior to fixation in 4%
paraformaldehyd. Animals were washed six times for 15 min and overnight in
PBT. Following washing samples were stained with phalloidin (Fluka) and then
rinsed three times for 10 min in PBT. Prior to embedding in Mowiol/DABCO,
animals were incubated in HOECHST (Calbiochem).In vivo imaging
In vivo observations were made and documented using Olympus SZX16 and
Olympus DP71 digital camera.Results
The 5′-flanking region of HyDkk1/2/4 C directs reporter gene
expression in zymogen gland cells in a pattern that
recapitulates the endogenous expression pattern
Previously, we characterized two Dickkopf-related genes,
HyDkk1/2/4 A andHyDkk1/2/4 C, which inHydra are expressed
in ZMGs (Augustin et al., 2006, see also Guder et al., 2006). The
control of HyDkk expression is tightly regulated and follows
strict time and space constraints: whereas HyDKK1/2/4 A
expression is seen in ZMGs from the subtentacle region down to
the proximal penduncle, HyDKK1/2/4 C is expressed in the
same cells but in a graded manner (Fig. 1A; Augustin et al.,
2006). Both genes show a remarkably sharp boundary of
expression below the head (see Fig. 1A) indicating that gland
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pression with sharp borders. To identify the 5′ regulatory
sequence of HyDkk1/2/4 C, we used the H. magnipapillata
genome data deposited at NCBI trace archive. To functionally
characterize the putative regulatory sequence in vivo, to clarify
the mechanisms that control the striking temporal-spatial
expression pattern of the gene, and to examine how this pattern
is maintained in the highly dynamic tissue, we have generated
transgenic polyps which express eGFP under the control of the
isolated HyDKK1/2/4 C 5′ flanking sequence.
The transgenic construct was made by placing the 1027 bp
HyDKK1/2/4 C promoter (−1027 to +66 relative to the
translation initiation site and including the signal peptide of
HyDKK1/2/4 C) in front of the reporter gene eGFP (Fig. 1B).
The plasmid was injected into Hydra embryos as described
(Wittlieb et al., 2006). As outlined in Fig. 1C, we expected to
obtain transgenic Hydra which express eGFP exclusively in the
zymogen gland cell population. Out of 66 injected embryos, 21
(32%) hatched from which two lines contained eGFP positive
gland cells and no eGFP expression in any other cell type. Since
founder polyps had only very few positive gland cells (Fig. 1D),
the integration event obviously did not happen in early
embryonic stages but most likely took place late in the precursor
population. Stereo- and confocal microscopy (Figs. 1D and E)
showed pairs of gland cells lined up in rows along the body
column. This is consistent with the view (Schmidt and David,
1986; Bode et al., 1987) that differentiated gland cells undergo
cell divisions; it thus provides first in vivo evidence for
characteristics previously described for gland cells (Schmidt
and David, 1986; Bode et al., 1987). In order to get a larger
fraction of gland cells carrying the transgene, we started mass-
culturing and selecting for animals with high numbers of
positive gland cells. Fig. 1F shows an example of such a polyp
and demonstrates that the 1027 bp 5′flanking region of theFig. 2. Monitoring individual eGFP expressing gland cells at the boundary of HyDKK
Green: eGFP, blue: HOECHSTstained nuclei, red: actin filaments. (C) Magnification
of the secretory vesicles are filled with eGFP protein.HyDkk1/2/4 C gene is able to direct the expression of eGFP in
gland cells in a pattern that recapitulates precisely the endo-
genous expression pattern of the HyDkk1/2/4 C gene (see
Fig. 1A for comparison). These results identify the 1027 bp as
sufficient for HyDkk1/2/4 C expression in vivo. Since cells in
Hydra are continuously proliferating and continuously displaced
toward the apical respectively basal end of the body axis and
since eGFP appears to be a relatively stable reporter gene (see
below), we had expected passive translocation of the reporter
protein toward the terminal regions. We, therefore, were highly
surprised by uncovering transgenic animals with a relatively
sharp border of zymogen gland cells with eGFP+ vesicles (Fig.
1F) indicating spatially controlled loss of the eGFP-reporter
protein.
The HyDkk1/2/4 C gene has a signal peptide which was
included in the construct (Fig. 1B). Fig. 1G shows that the signal
peptide apparently drives the reporter protein into secretory
vesicles within the zymogen gland cells. In control transgenic
Hydra expressing eGFP in ZMGs driven by the Hydra actin
promoter without signal peptide (see Fig. 1B), the reporter
protein is localized in the cytoplasm (Fig. 1H).
Zymogen gland cells change their phenotype when they change
their position along the body axis
We next used transgenic polyps with ZMGs marked by the
expression of eGFP to follow the fate of individual gland cells
and to determine whether individual ZMGs would change their
phenotype upon changes of their position along the body axis.
We used confocal microscopy to examine labeled ZMGs located
in the subtentacle region (see Fig. 2A) at the boundary of
HyDKK1/2/4 C expression. In contrast to transgenic ZMGs
within the gastric region which show large secretory granules
packed with eGFP (see Fig. 1G), transgenic ZMGs in the sub-1/2/4 C expression. (A) Scheme of region of interest. (B) Confocal microscopy.
of area shown in panel B. (D) Magnification of gland cell indicating that only part
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eGFP (Figs. 2B to D) indicating transcriptional inactivation of
the transgene and gradual release of eGFP+ vesicles.
We next considered the behavior of labeled ZMG gland cells
during head regeneration. As shown in Figs. 3A and B,
transgenic polyps were cut within the maximum of eGFP
positive cells shortly below the boundary of expression (see Fig.
3A) and were allowed to regenerate a head. Sharply contrasting
the transgenic animal shown in Fig. 1F, regeneration results in
animals (n=100) which all contain numerous eGFP+ ZMGs in
the head region (Fig. 3B). This is consistent with the view
(reviewed in Bosch, 2007a) that regeneration in Hydra is a
morphallactic process and in the absence of cellular proliferation
involves the transformation of existing tissue into a newly
organized structure. In the absence of feeding, such eGFP+
gland cells can be detected in the regenerating head for more
than 4 weeks post-regeneration (data not shown). Thus,
changing the position along the body axis does not cause a
ZMG to immediately release the eGFP reporter from the
vesicles. Additional support for this comes from our observation
(data not shown) that changing the positional value by treating
polyps with alsterpaullone (see Broun et al., 2005) does not
result in the disappearance of the eGFP+ signals in ZMGs. As
shown previously, alsterpaullone treatment does, however, lead
to the transcriptional inactivation of HyDkk1/2/4 C (Augustin et
al., 2006). Confocal microscopy indicated (Figs. 3D and E) that
not all gland cells present in the regenerating head tissue wereFig. 3. During head regeneration, eGFP-labeled zymogen gland cells get integrated in
shows cutting level in the upper gastric region. (B) Transgenic polyp undergoing hea
head containing eGFP positive cells. (C) Insert shows polyp undergoing regeneration
ZMGs (n=40). (D) Confocal analysis of polyp 7 days after onset of head regene
hypostome. t, tentacle; h, hypostome; g, gastric region. (E) Magnification of area show
arrowhead) between eGFP positive cells.eGFP+ and that unlabeled gland cells were interspersed between
the labeled gland cells. This may be due to the fact that the
transgenic animals used were mosaics comprising eGFP+ gland
cells as well as eGFP-gland cells. Alternatively, it may indicate
the presence of gland cells which lack a common developmental
history with transgenic ZMGs (see below). We also note (Fig.
3C) that about 1 week post-regeneration, the most apical tip of
the regenerated head in all animals (n=40) appears to be at least
partially free of eGFP+ cells (see below).
Zymogen gland cells change their gene expression when they
change position
To determine whether the gradual disappearance of eGFP+
secretory granules indicated in Figs. 2B to D reflects transcrip-
tional inactivation of the eGFP reporter gene, we performed in
situ hybridization with both a HyDkk1/2/4 C and an eGFP-
specific probe. Both probes gave identical results. As shown in
Figs. 4A–C for the eGFP probe, regeneration is accompanied by
gradual disappearance of eGFP transcripts in cells of the
regenerating tip. In light of the persisting eGFP protein in gland
cell vesicles in head regenerating tissue (Figs. 3C and 4D), this
was unexpected. Since the regenerating animals shown in Figs.
3C and 4D were not fed during the experimental period, we next
tested whether feeding would influence the stability of the eGFP
filled vesicles. Figs. 4E and F show that feeding of the
regenerated animals results in successive release of the secretorythe newly formed hypostomal region. (A) Polyp immediately after cutting. Insert
d regeneration for 66 h. Yellow arrowhead points to the tip of the newly formed
for 7 days indicating that the tip of the hypostome is partially free of transgenic
ration demonstrates presence of eGFP positive cells within the newly formed
n in panel C shows rows of cells where non-labeled cells are interspersed (empty
Fig. 4. Disappearance of eGFP and HyDkk1/2/4 C transcripts in the course of head regeneration (A–C) in contrast to persistence of eGFP protein in the absence of
feeding (D). (A) In situ hybridization using a eGFP probe in control polyps. (B) In situ hybridization using an eGFP probe in a polyp undergoing head regeneration for
2 days (n=30). Arrowhead indicates localization of transcript in cells of the regenerating tip. (C) Four days after head regeneration no eGFP transcript can be detected
anymore in cells within the head region (n=30). (D) In a polyp 9 days following decapitation, eGFP protein is present in gland cell vesicles in the tip of the regenerated
head. (E) Feeding of polyp in panel D results in rapid release of eGFP from vesicles. Polyp on day 10 after decapitation. (F) Feeding of polyp in panel E results in
release of remaining eGFP positive vesicles and reestablishment of eGFP distribution pattern seen in steady state polyps (see Fig. 1H). Polyp on day 11 after
decapitation.
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spatial distribution pattern. Since feeding appears to trigger the
release of secretory vesicles, this may also explain the fact that
ZMGs in normal polyps in an axial position where eGFP is
transcriptionally inactivated contain both eGFP positive and
eGFP negative vesicles (Fig. 2D). Following one more feeding
event, the remaining eGFP signal in the cell shown in Fig. 2D
will disappear and the cell will become eGFP negative. Taken
together, eGFP labeling not only allowed us to establish definite
causal relationships between zymogen gland cells in the gastric
and granular mucous gland cells in the head region and to
conclude that ZMGs originating from the gastric region are
ending up in head tissue. The observations also indicated that the
transition of a ZMG from gastric to head tissue involves turning
off their zymogen gland cell-specific gene expression (Figs.
4A–C) and resetting the gene expression programme.
Histological studies verify that gland cells in different position
have different morphologies and that intermediate gland cell
morphologies can be found in regenerating tissue
Monitoring individual eGFP-labeled ZMGs during regenera-
tion has shown (Figs. 3B to E and 4D) that these cells areincorporated in head tissue. Despite the drastic change in spatial
location, morphological features such as the size and shape of
vesicles appeared to remain constant—as long as polyps were
not fed (Figs. 3C–E and 4D). We anticipated, therefore, that we
could follow the transition also by using histological means.
Fig. 5 shows that in histological sections ZMGs in gastric region
(Fig. 5A) can be distinguished from the two types of MGCs in
the head (Fig. 5B) due to the differences in cell shape and size of
the secretory vesicles. While gMGCs contain numerous small
granules in high density (Fig. 5B), sMGCs are larger in size and
contain less conspicuous vesicles. As shown in Fig. 5C, in
animals undergoing head regeneration in the absence of feeding,
ZMGs can be clearly identified in the regenerating tip. We
propose that these ZMGs are in the process of transdifferentia-
tion into head-specific MGCs. Fig. 5C also shows that in
addition to ZMGs the regenerated hypostome contains gMGCs
and sMGCs. We assume that these cells which are normally
absent in gastric region, represent newly differentiated MGCs
(see below). Ultrastructural analysis (Fig. 6) confirms this view
and shows in regenerating head tissue the presence of gland cells
with vesicles of both the ZMG and the gMGC type (Figs. 6E
and F). In Figs. 6A and B, ZMGs of the gastric region are shown
which are characterized by large secretory granules of
Fig. 5. Histology of normal and head regenerating polyps. (A) Histology of gastric region. ZMG, zymogen gland cell. (B) Histology of head region. sMGC, spumous
mucous gland cell; gMGC, granular mucous gland cell. (C) Histology of regenerating head. sMGC, spumous mucous gland cell; gMGC, granular mucous gland cell.
ZMG/gMGC, a cell originating from the former gastric region displaying morphological features typical for both ZMG and gMGC.
19S. Siebert et al. / Developmental Biology 313 (2008) 13–24homogeneous occurrence. In contrast, hypostomal gMGCs
(Figs. 6C and D) have much smaller granules which contain
conspicuous electron dense spots. An ultrastructural analysis of
tissue which undergoes head regeneration (Figs. 6E and F)
identifies gland cells with both types of granules. The presence
of such gland cells in regenerating tissue is consistent with theFig. 6. Ultrastructure of gland cells in normal and head regenerating polyps. (A, B) Zy
A shows large vesicles which occur homogenous (white arrow). (C) Spumous mu
regenerated hypostome. (D) Magnification of area in panel C shows gMGC character
a regenerated hypostome (1 week). ZMG/gMGC: cell with features of both kind of cel
contains both homogenous, large vesicles characteristic for ZMGs (white arrow) asview that gastric ZMG can convert to a mucous granular cell
type. Taken together with the observations shown above (Figs.
2–4), these results provide compelling evidence that gMGCs in
the regenerated hypostome originate from ZMGs in the gastric
region by a transdifferentiation process. The origin of sMGCs
remains to be elucidated.mogen gland cell (ZMG) of the gastric region. (B) Magnification of area in panel
cous gland cell (sMGC) and a granular mucous gland cell (gMGC) in a non-
ized by small vesicles which occur spotty (yellow arrow). (E) Cell in transition in
ls, gMGC: granular mucous gland cell. (F) Magnification of area in panel E. Cell
well as small, spotty vesicles characteristic for gMGCs (yellow arrow).
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gives rise to granular mucous gland cells
Previous observations (Rose and Burnett, 1970; Dübel, 1989)
provided circumstantial evidence that hypostomal mucous cells
may originate from interstitial cells. Interstitial cells, however,
were reported (David and Plotnick, 1980) to be present
predominantly in the gastric region and only present in veryFig. 7. Molecular evidence for two sources of hypostomal gMGCs: new dif
transdifferentiation from zymogen cells. (A) Expression profile of HyDkk1/2/4 C and
expression pattern in budding polyp. (B) Larger view of area in regenerating tip show
morphologies of HyTSR1 expressing cells in 36 h regenerate: (C) early developmenta
of the cell, (D) advanced stage showing first secretory vesicles at one pole of the ce
(yellow arrows). (F) Ultrastructural analysis reveals undifferentiated cells with la
regeneration, m: mesoglea) without secretory vesicles and (G) with secretory vesicl
regeneration). (H, I) Expression of HyTSR1 in a regenerated tip 96 h after decapita
indicating a transdifferentiation event. Arrow: small gMGC-like vesicles, arrowheadlow numbers in head and foot regions. Are there not yet
described undifferentiated interstitial stem cells which could
serve as, albeit limited, source for hypostomal mucous cells?
To assess the contribution of stem cell-based mechanisms in
hypostomal mucous cell differentiation, we used in situ
hybridization and a molecular probe, HyTSR1, known (Milj-
kovic-Licina et al., 2004; Guder and Holstein, personal
communication) to be expressed exclusively in gMGCs of theferentiation from a subpopulation of undifferentiated interstitial cells and
HyTSR1 in the regenerating tip 36 h after decapitation. Insert shows the HyTSR1
s ZMGs and new evolving gMGCs from spindle shaped cells. (C–E) Different
l stage showing large nucleus and distinct transcript localization at the two poles
ll, (E) later stage with a transcript-free secretory part of cell filled with vesicles
rge nuclei and distinct endoplasmatic reticulum within the endoderm (48 h
es (yellow arrow) showing electron dense spots characteristic for gMGCs (96 h
tion in a mature gMGC (H) and in a gland cell showing ZMG morphology (I)
: large vesicles typical for ZMGs.
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stomal gMGCs populations, we performed double in situ
hybridization using HyTSR1-specific and HyDKK1/2/4 C-
specific probes. As shown in Fig. 7A, in tissue undergoing
head regeneration, both gland cell populations can clearly be
distinguished. HyTSR1 expressing cells are restricted to the
regenerating tip while HyDkk1/2/4 C expressing ZMGs can be
found along the body column and also in the regenerating tip
between the HyTSR1 cells.
Strikingly, when examining the morphology of HyTSR1
expressing cells in more detail at higher magnification (Fig. 7B),
we discovered that they vary both in cell shape and intracellular
localization of the HyTSR1 transcripts. Some HyTSR1 expres-
sing cells (Fig. 7C) were small, did not contain any vesicles and
had an overall morphology of large interstitial cells. Other
HyTSR1 expressing cells (Figs. 7D and E) had morphological
features typical for hypostomal granular mucous gland cells with
small vesicles located at one end of the spindle-shaped cell and
an in situ signal in the cytoplasmic region around the nucleus. To
examine these cells in greater detail, we performed an ultra-
structural analysis ofHydra tissue undergoing head regeneration
for 48 and 96 h. As shown in Fig. 7F, within the endodermal
epithelium near the mesoglea, we discovered interstitial cell-like
cells with large nuclei. Interestingly, within the cytoplasm of
these cells, a well-developed endoplasmatic reticulum (ER)
could be identified. This is in contrast to interstitial cells in the
gastric region which do not contain an elaborated ER. We also
detected non-epithelial cells of spindle-like shape (Fig. 7G)
which in addition to a well-developed endoplasmatic reticulum
had secretory granules with the described (see Figs. 6C and D)
spotty character of mucous granular cells. We propose that the
HyTSR1 expressing cells shown in Figs. 7C to D represent
lineage-restricted interstitial cells which in the head differentiate
into mature gMGCs (Fig. 7E). Since a low number of interstitial
cells are continuously present in the hypostome in the normal,
non-regenerating polyps, we assume that stem cell-based
differentiation of MGCs is an integral part of the gland cell
differentiation pathway. The absence of eGFP+ gland cells in the
most apical tip of the polyps examined 1 week after onset of
regeneration (Fig. 3C) supports that notion. Most interestingly,
when performing in situ hybridization with 96 h regeneration
usingHyTSR1 probe, we could identify not only mature gMGCs
expressing HyTSR1 (see Fig. 7H) but also HyTSR1 expressing
gland cells which clearly show morphological features typical
for ZMGs of the gastric region. Fig. 7I shows that some of them
not only express the gMGC-specific gene HyTSR1 but even
contain a mixture of small and large vesicles. We suggest that
these “chimeric” cells are caught in transdifferentiation from a
gastric ZMG toward a head-specific gMGC.
Discussion
Gland cell differentiation in Hydra must be tightly regulated
to ensure cell-type homeostasis. We used the promoter of the
gland cell-specific gene HyDKK1/2/4 C to generate transgenic
polyps in which the reporter gene is expressed exclusively in
zymogen gland cells allowing us for the first time to monitorgland cell differentiation inHydra in real-time and in the context
of the native environment.
The studies described here show that by using 1027 bp of 5′-
flanking region of the HyDkk1/2/4 C gene to control eGFP
expression, we generated transgenic polyps which faithfully
recapitulate HyDKK1/2/4 C expression. Previously, we (Augus-
tin et al., 2006) and others (Guder et al., 2006) have speculated
that the HyDKK1/2/4 genes are components of a conserved Wnt
signalling cascade. The present study demonstrates that the
inclusion of the HyDkk1/2/4 C signal peptide in the eGFP
expression vector led to the translocation of the eGFP reporter
protein toward secretory vesicles of zymogen gland cells (see
Fig. 1G) which are released upon feeding (Figs. 4E–F). Thus, if
eGFP reporter protein localization reflects the localization of
native HyDkk1/2/4C protein, involvement of HyDkk1/2/4 C in
Hydra axial patterning seems to be rather unlikely.
Monitoring transgenic gland cells revealed that these cells
have remarkable phenotypic plasticity in response to positional
signals and that both stem cell-based mechanisms as well as
transdifferentiation events appear to play a role. Although
further study is required to determine the specific molecular and
cellular cues that permit this cellular plasticity, the data allow to
present a simple conceptual model that characterizes several
steps in gland cell differentiation (Fig. 8). Gland cell progenitors
in Hydra are interstitial stem cells with extensive, probably
unlimited, self-renewal capacity and predominantly located in
the gastric region (Bosch and David, 1987; Schmidt and David,
1986; Bode et al., 1987). Upon commitment, these cells give rise
to transiently amplifying gland cells (Schmidt and David, 1986;
Bode et al., 1987). How the fate decision toward actual gland cell
differentiation is made remains to be elucidated. We show here,
however, that differentiated ZMGs can transdifferentiate into
gMGCs. Upon entering the head tissue, the ZMGs stop the
expression of HyDkk1/2/4 C and start to express HyTSR1. In
addition, by using the molecular marker HyTSR1, we provide
evidence that gMGC can also originate from interstitial cell-like
precursors. Due to the lack of appropriate molecular markers,
this model does not give insight in the origin of sMGC, the
second type of MGCs in the head. The model, however, allows
to conclude that gland cell differentiation in Hydra is a complex
process with many steps sensitive to different regulatory
influences.
Our study indicates extensive plasticity of presumed termi-
nally differentiated gland cells. This anticipates that in Hydra
differentiated cell types other than gland cells may also be able to
transdifferentiate in a similar way to perform different functions
at different locations. Is there evidence that other differentiated
cell types in Hydra also change their phenotype when they
change their position along the body axis? Although not
fulfilling all criteria of the term “transdifferentiation” (Eguchi
and Kodama, 1993), previous studies on the nervous system in
Hydra using antibodies and transplantation experiments indi-
cated that many neurons change phenotype as they are displaced
from one region to another (Koizumi and Bode, 1986, 1991;
Koizumi et al., 1988, reviewed in Bode, 1992). Other cell types
undergoing changes in their differentiated state due to displace-
ment into new regions may include the epithelial cells because
Fig. 8. Conceptual model for the origin of granular mucous gland cells in the Hydra hypostome. Multipotent stem cells capable of unlimited self-renewal give rise to
gland cell precursors which eventually differentiate to zymogen gland cells (ZMG) in the gastric region or to granular mucous gland cells (gMGC) in the head.
Zymogen gland cells are capable of direct transdifferentiation into gMGC. This is accompanied by transcriptional inactivation of eGFP/HyDkk1/2/4 C (green) and
activation of HyTSR1 expression (blue).
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differentiate into battery cells and foot gland cells, respectively
(Wittlieb et al., 2006). Thus, changing the local environment
appears to cause changes in the regulatory influences these cells
receive, leading to an alteration in their differentiated state.
At the first glance, transdifferentiation may appear rather
uncommon in nature, but a few examples have been observed
where it occurs spontaneously (Stone et al., 1998). One well
known example is the regeneration of the lens of various species
of urodeles (Tsonis and Del Rio-Tsonis, 2004; Yoshii et al.,
2007). In mammals, examples of transdifferentiation are seen in
the development of esophageal smooth muscle (Mochii et al.,
1998; Patapoutian et al., 1995), the liver (Taub, 2004) and in the
Schwann cells of the peripheral nervous system (Harrisingh et
al., 2004). Recently, mouse auditory epithelial support cells
were shown to transdifferentiate into sensory hair cells (White et
al., 2006). In invertebrates, experimentally induced transdiffer-
entation has been documented in several cases (Kawamura and
Fujiwara, 1994, 1995; Bode et al., 1986; Schmid and Alder,
1984, 1986). For example, in Drosophila imaginal discs, after
mechanical fragmentation of the imaginal discs, some cells
committed to a leg fate can transdifferentiate to a wing fate
(Maves and Schubiger, 2003). In the cnidarian Podocoryne,
terminally differentiated mononucleated striated muscle cells
were found to dedifferentiate in response to mechanical
disruption of the muscle and exposure to signals from the
extracellular matrix (Schmid and Rebe-Müller, 1995). The cells
then transdifferentiate into smooth muscle cells and resume cell
division; finally, these smooth muscle cells can differentiate into
nerve cells (Schmid and Rebe-Müller, 1995).
Although our current knowledge on the molecular mechan-
isms involved in regulating transdifferentiation is very limited, a
number of studies point to an important role of ECM
remodeling (Leontovich et al., 2000; Straube and Tanaka,
2006; Echeverri and Tanaka, 2002; Echeverri et al., 2001; Galle
et al., 2005). Studies of transdifferentiation in Drosophilaimaginal discs (Maves and Schubiger, 2003; McClure and
Schubiger, 2007) have shown that this fate switch takes place in
response to the inductive signal of the c-Jun N-terminal kinase
(JNK) signalling pathway, which down-regulates Polycomb
group (PcG) proteins (Klebes et al., 2005; Lee et al., 2005;
McClure and Schubiger, 2007). Thus, understanding the
molecular mechanisms involved in regulating transdifferentia-
tion may also require unravelling the changes that occur in
chromatin.
Since the regulatory sequence used in the HyDKK1/2/4 C
expression construct comprises all elements needed for authentic
expression of the transgene, the identification and functional
characterization of these elements by methods described
previously (e.g., Siebert et al., 2005) may elucidate the tran-
scriptional machinery needed for maintenance of the differ-
entiated cell state. Moreover, understanding of the HyDkk1/2/4
C transcriptional regulation promises insights into the formation
of transcriptional boundaries in Hydra.
Transdifferentiation in Hydra is part of the in vivo gland cell
differentiation program. We, therefore, suggest that, in contrast
to cells in more complex animals, cells in Hydra are rather
plastic in their differentiation potential. The remarkable
phenotypic plasticity of cells in response to positional signals
allows Hydra to build its body with only a limited number of
different cell types; and is one of the reasons for the extensive
regenerative capacity in these animals. We expect that the ability
to compare the mechanisms regulating cellular plasticity
between Hydra and higher animals will provide insights into
why fate switch and regeneration are such rare events in
vertebrates.
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